Introduction {#sec1-1}
============

Myocardial ischemia is a metabolic phenomenon that occurs in patients undergoing open heart surgery like coronary artery bypass grafting (CAPB), valvular heart surgery, vascular surgeries etc. due to stress imposed during cardiopulmonary bypass (CPB), obligatory interruption of coronary blood flow during aortic cross clamp and reperfusion after aortic cross clamp release. These effects manifest as hemodynamic instability, arrhythmias, greater use of inotropes, difficulty in weaning from CPB, use of intra-aortic balloon pump (IABP)/ventricular assist devices (VADs). The oxygen debt imposed during CPB heralds the onset of postoperative complications in the form of increased need of inotropes, prolonged mechanical ventilation, renal/hepatic dysfunction, prolonged intensive care unit (ICU) stay and adds to the morbidity and mortality of patients.

Hyperlactatemia occurs in aerobic conditions where increased glycolysis occurs with stimulation by endo/exogenous catecholamines.\[[@ref1]\] In the absence of other markers of oxygen debt like tissue oxygen delivery index (DO~2~I), tissue oxygen extraction ratio (VO~2~) or hemodynamic instability serum hyperlactatemia alone has not been correlated with adverse postoperative outcomes.\[[@ref2]\] So diagnostic and prognostic implication of serum hyperlactataemia is not always straightforward and it is not a sensitive marker of myocardial ischemia.

Once anerobic conditions prevail, pyruvate a substrate for oxidative phosphorylation cannot be utilized, its level increases and it is diverted to the formation of lactate. Normal lactate to pyruvate ratio (LP ratio) is 10:1, which also occurs in cases of increased metabolism (catecholamine induced) but increases in LP ratio (\>10:1) occur in conditions of tissue hypoxia alone.

There is paucity of data in literature about increased serum pyruvate or LP ratio as a marker of redox state of myocardium. Few studies have found out that serum LP ratio is an excellent indicator of adequacy of cellular oxygenation, has shown good correlation with postoperative outcome.\[[@ref3][@ref4]\]

Measuring metabolic substrates from interstitium (by microdialysis) or venous outflow (great cardiac vein) of the heart increases reliability and temporal resolution of monitoring myocardial ischemia.\[[@ref5]\] Heringlake *et al*. demonstrated a relationship between myocardial lactate (ML) concentration, right ventricular ejection fraction (RVEF) and stroke volume index (SVI).\[[@ref6]\]

We hypothesized that ML, pyruvate and LP ratio can be used as markers of myocardial dysfunction during and after CPB and undertook this study to evaluate the correlation of ML, pyruvate and LP ratio with hemodynamic parameters and perioperative outcomes in patients undergoing elective adult cardiac surgery with CPB.

Materials and Methods {#sec1-2}
=====================

This prospective clinical observational study was conducted at cardiothoracic centre (All India Instititute of Medical Sciences, New Delhi) after obtaining approval of hospital ethics committee and informed consent from the patients. Forty consecutive adult patients of either sex undergoing elective CABG or valve surgery with the aid of CPB were included in this study. Patients with unstable angina, recent myocardial infarction (MI), diabetes mellitus, renal, hepatic or neurological dysfunction, coagulopathy, LV aneurysm, preoperative congestive heart failure (CHF), left ventricular ejection fraction \<45%, preoperative hemodynamically unstable arrhythmias and those undergoing concomitant CABG and valvular surgery were excluded from the study. All surgeries were performed by the same anesthesia, surgery and perfusion team.

Anesthesia and CPB {#sec2-1}
------------------

All patients were premedicated with morphine 0.1 mg/kg and promethazine 0.5 mg/kg intramuscularly 30-45 minutes prior to induction of anesthesia. Anesthesia was induced with intravenous thiopentone (3-5 mg.kg^-1^), fentanyl (2-5 μg.kg^-1^), and midazolam (1-2 mg). Endotracheal intubation was facilitated with vecuronium (0.8-1.0 mg.kg^-1^). Anesthesia was maintained with oxygen in air (50%), isoflurane and supplemental doses of intravenous fentanyl, midazolam and vecuronium. The lungs were mechanically ventilated to maintain a pH of 7.35-7.45 and normocapnia.

Radial artery line was passed for invasive blood pressure monitoring with Vigileo monitor (version 1.10)\[[@ref7]\] and Flotrac sensor (Edward Lifesciences, Irvine, CA, USA) for determination of cardiac output (CO), cardiac index (CI), stroke volume index (SVI), oxygen delivery index (DO~2~I), and systemic vascular resistant index (SVRI). The right internal jugular vein was cannulated with 8.5 Fr triple lumen central venous catheter (Arrow International Inc, PA, USA) for central venous pressure (CVP) measurement, fluid and vasopressor/inotrope administration. In addition five lead ECG, pulse oximetry, nasopharyngeal/rectal temperature and urine output were monitored.

Volume replacement was done with Ringer\'s lactate or hydroxyl ethyl starch (Voluven 6% Fresenius Kabi, Germany) as appropriate to maintain a CVP of 8-12 mmHg. After systemic heparinisation with intravenous heparin 400 IU kg^-1^, to achieve an activated clotting time (ACT) of \>480 sec, aortic and atrial cannulations were done.

A retrograde cardioplegia cannula with self-inflating balloon (RC014, Edward Life sciences) was inserted by the surgeon through right atrium using a blind technique before going on bypass solely for the purpose of the study.\[[@ref8][@ref9]\] Its position was confirmed by observing distension of the posterior interventricular vein, maintenance of coronary sinus (CS) pressure, and palpation of the CS cannula. CPB and surgical techniques were standardized and did not change during the study period.

All patients underwent cardiac surgery with a standard CPB protocol under moderate hypothermia at 30-32°C. Pump flow rates and perfusion pressures were maintained at 2.2-2.6 L/min/m^2^ and 50-80 mmHg, respectively. α-stat strategy was used for blood gas management and blood sugar was maintained between 100 and 200 mg/dl during CPB. A hematocrit ≥ 25% and mixed venous oxygen saturation of \>75% was maintained as well. Myocardial protection was achieved with intermittent antegrade cold blood cardioplegia (St Thomas I solution, 4:1), repeated in 20-25-min intervals.

Blood samples were collected from CS by the surgeon for ML, myocardial pyruvate (MP) and Troponin I (Trop I) estimation. CS blood sample (5 ml) for estimation of myocardial pyruvate and Trop I was centrifuged within 20 minutes and plasma was stored at -20°C until analysis.ML and plasma lactate were determined by blood gas analysis of the respective samples.

Inotropes and vasodilators (dopamine, dobutamine, adrenaline and nitroglycerine) were used as required to maintain hemodynamics. Intravenous adrenaline was started if SBP remained \<70 mmHg and CI \< 2 l.min^-1^.m^-2^ with dopamine and dobutamine each at a dose of 10 μg kg^-1^ min^-\ 1^. IABP was inserted if poor hemodynamics along with ECG changes of ischemia, arrhythmia or metabolic acidosis persisted despite adrenaline. Patients were weaned from CPB at a nasopharyngeal temperature of 36°C, CI \> 2.5 l. min^-1^m^-2^, SBP \> 90 mmHg or MAP \> 70 mmHg, and if no metabolic acidosis was present.

Sampling methods {#sec2-2}
----------------

Blood samples were taken from CS and arterial line at predetermined times. These time points were as follows:

T~1~: Soon after cannulation, before institution of CPB (pre-CPB)

T~2~: On removal of aortic cross-clamp (post-AoXCl)

T~3~: 30 minutes after completion of CPB (post-CPB)

Hemodynamic parameters {#sec2-3}
----------------------

Heart rate (HR), mean arterial pressure (MAP), CVP, CO, CI, SVI, DO~2~I and SVRI were recorded following anesthetic induction (t1), pre-CPB (t2), immediate post-CPB (t3) and 30 min after bypass (t4). Hemodynamic parameters were recorded at the same time as the samples were taken.

Measurements {#sec2-4}
------------

ML, plasma lactate and blood gas analysis was done with commercial gas analyzer (ABL 835 Flex, radiometer Copenhegen, Denmark). Pyruvate estimation was done by ELISA method, using Pyruvate Assay Kit (Biovision Research Product, CA USA). Trop I level was estimated using Immolite 1000 Troponin I analyzer (Diagnostic product corporation, LA, USA).

Myocardial lactate -- pyruvate ratio (MLPR) was calculated as:

MLPR = myocardial lactate / myocardial pyruvate.

The intraoperative variables recorded included CPB time and aortic cross clamp time (AOXCt). The postoperative variables observed included post-CPB need for inotropes, duration of mechanical ventilation, inotrope usage and ICU stay.

Statistical analysis {#sec2-5}
--------------------

The sample size was calculated using Stata-9 software with α = 0.05 establishing the power of study as 85. Statistical analysis was performed using SPSS version-15 software. Data were checked for normality before statistical analysis. Continuous variables were expressed as mean± SD or median (range) according to normality, and categorical variables were presented as either absolute numbers or percentage. Spearman sign - rank test was applied to see correlation between CS lactate, pyruvate and LPR and perioperative variables. Receiver operating characteristic (ROC) curves were constructed to compare the performance of CS lactate, pyruvate, LP ratio and determine appropriate cutoff value of the markers for myocardial dysfunction. Normally distributed continuous variables were compared using the unpaired Student\'s *t*-test, whereas the Mann-Whitney *U*-test was used to compare non-normally distributed data. Categorical variables were analyzed using χ^2^ test. One-way analysis of variance (ANOVA) for repeated measures with posthoc Bonferroni correction was used for intragroup comparison. Statistical significance was set at *P*-value \< 0.05.

Results {#sec1-3}
=======

Patients were sub grouped according to the median value of ML (2.9) at baseline T~1~ into low myocardial lactate (LML) group, mean (2.39 ± 0.4 mmol/l), *n* = 19 and high myocardial lactate (HML) group, mean (3.65 ± 0.9 mmol/l), *n* = 21, respectively. Patient characteristics were comparable in both LML and HML groups \[[Table 1](#T1){ref-type="table"}\]. CPB time, AOXCt, inotope score, duration of mechanical ventilation and inotrope usage were similar in both the groups. The length of stay in ICU was significantly less in LML group.

###### 

Patient characteristics, post-CPB need for inotropes (inotrope score) and postoperative outcomes in patients undergoing elective adult cardiac surgery under cardiopulmonary bypass

![](JOACP-27-225-g001)

The baseline hemodynamic parameters (postinduction; t1) were comparable between both the groups. Post-CPB (t4), CVP was significantly higher in HML group \[[Table 2](#T2){ref-type="table"}\]. Also, in HML group, at t4 (30 min post-CPB) there was a significant increase in HR, CI and SVI, and a significant decrease in MAP and SVRI as compared to T1 values.

###### 

The time course of hemodynamics in patients undergoing adult cardiac surgery under cardiopulmonary bypass

![](JOACP-27-225-g002)

ML and PL were significantly higher in the HML group at T~1~, T~2~ and T~3~ \[[Table 3](#T3){ref-type="table"}\]. There was no difference in myocardial pyruvate (MP), MLPR and TropI in both the groups. A statistically significant increase in PL, ML, MLPR and TropI in both groups was observed at T2 as compared to baseline (T1). At T3, ML significantly decreased, in HML group, in comparison to T2 whereas PL and TropI increased. In LML group PL decreased at T3, and ML, MLPR and TropI increased.

###### 

The time course of plasma lactate, myocardial lactate, pyruvate and lactate -- pyruvate ratio, myocardial enzymes in patients undergoing adult cardiac surgery under cardiopulmonary bypass
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Patients with longer CPB duration (\>60 min) had significantly higher PL levels at T2 (immediate post-CPB) and T3 (30 min post-CPB) as compared to those with CPB \< 60 min \[[Table 4](#T4){ref-type="table"}\]. MLPR was higher at T~1~ and T~3~ and there was a prolonged duration of inotrope usage (in ICU) in patients with CPB duration \>60 min \[[Table 5](#T5){ref-type="table"}\].

###### 

Comparison of duration of CPB versus changes in myocardial lactate, pyruvate and lactate-pyruvate ratio
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###### 

Hemodynamics and baseline myocardial lactate, pyruvate and lactate--pyruvate ratio in cardiac surgery patients needing inotropes after cardiopulmonary bypass

![](JOACP-27-225-g005)

Patients with an inotrope score of 2 had significantly longer median CPB duration, higher baseline CVP (t1), higher PL level (T~2~, T~3~), ML (T~2~, T~3~), significantly longer duration of mechanical ventilation, inotrope administration and ICU stay as compared to patients with inotrope score of 1.

On receiver operator characteristic curve a baseline value (T1) of 2.9 mmol/l of ML was found to have a sensitivity of 70.83% and a specificity of 62.5% for predicting inotrope requirement. A value of 3 mmol/l raised the specificity to 66.67%. (ROC area: 0.7109 std error: 0.09) \[[Figure 1a](#F1){ref-type="fig"}\]. Similarly, a baseline value (T1) of 0.07 mmol/l of myocardial pyruvate had a 79.17% sensitivity and 68.75% specificity. An increase in value to 0.09 mmol/l raised its specificity to 81.25% but decreased sensitivity to 58.33% for predicting inotrope requirement. (ROC area: 0.7852, std error: 0.0765.) \[[Figure 1b](#F1){ref-type="fig"}\].

![Receiver operator characteristic curve showing sensitivity and (1-specificity) of precardiopulmonary bypass coronary sinus myocardial lactate and pyruvate for inotropic requirement after ca rdiopulmonary bypass. (a) ROC area: 0.7109 (ML); Std error: 0.09 (b) ROC area: 0.7852 (MP); Std error: 0.0765](JOACP-27-225-g006){#F1}

Discussion {#sec1-4}
==========

Evaluation of myocardial metabolism quantifies the degree of physiologic impairment at various stages of cardiac operations e.g., on initiation of CPB, aortic cross-clamping and reperfusion.\[[@ref10]\] Clinically applicable methods for metabolic analyses include myocardial tissue assays, myocardial markers, intramyocardial gas tensions or pH and direct cannulation for evaluation of CS metabolites to measure coronary blood flow and analyze substrate use.\[[@ref11]\] In order to develop strategies against perioperative infarction or ischemia-reperfusion injury, we need to study and describe the metabolism in regional myocardial ischemia and its global circulatory consequences, concomitantly.

Type B lactic acidosis developing in patients undergoing cardiac surgery, with the aid of CPB, is related to various factors eg high NYHA class, duration of CPB, depth of intraoperative hypothermia, episode of hypotension at commencement of CPB, endotoxemia, etc.\[[@ref2][@ref12]--[@ref15]\] The significant increase in lactate level during perioperative period is directly proportional to the duration of mechanical ventilation, requirement for vasopressors and impending major adverse events.\[[@ref13][@ref14][@ref16]\] In the present study we found that longer period of CPB \> 60 min was associated with significantly higher PL levels, without significant difference in tissue oxygen delivery index. This increased lactate levels was associated with significantly longer period of ICU stay. Longer period of bypass \> 60 min was associated with rising MLPR from baseline to post-CPB although ML value decreased from peak level after AoXCl release to post-CPB, which indicates that MLPR is better indicator of residual ischemia than ML.\[[@ref4]\]

The increasing trend in myocardial TropI in both groups was associated with increasing levels of ML, which shows that it is a more specific marker for myocardial injury and subtle myocardial injury occurs in otherwise uneventful cardiac surgery under CPB. Raman *et al*. observed a positive correlation between CS cTnI and CS lactate in patients undergoing primary CABG under CPB.\[[@ref17]\] T W Koh *et al*. found that CS cTnT concentration increased earlier and were greater than arterial concentration during CABG both on beating heart and surgery on CPB and suggested that CS sampling method would be a more sensitive method of intraoperative assessment of myocardial injury.\[[@ref18]\]

The longer period of ICU stay in patients with higher baseline ML indicates that presurgery higher myocardial levels may predict postoperative outcome. Rao *et al*. found that persistent ML release during reperfusion occurs in a significant proportion of low-risk patients undergoing isolated CABG and is a predictor of postoperative low cardiac output syndrome.\[[@ref19]\]

High CVP persisting post-CPB in HML group shows myocardial dysfunction while higher HR, CI, SVI in face of low MAP and SVRI may be because of increased inotrope use.\[[@ref6]\] The higher baseline ML level in HML group may be expressive of tissue ischemia and may predict postoperative myocardial dysfunction as seen by significantly longer ICU stay and higher need for inotropes in that group. Patients who needed greater inotropic support had longer CPB time, higher baseline CVP, lower post-CPB MAP, SVI and CI and higher postaortic cross-clamp release and post-CPB plasma and ML levels, higher myocardial pyruvate and lower LP ratio at all three time points. This indicates that there was delay in crossover from anerobic to aerobic metabolism indicating poorer myocardial function pre-CPB which continued post-CPB despite use of higher inotropes. These patients also had longer duration of mechanical ventilation, inotropic usage and ICU stay.

ML production is a good and well-established marker of anerobic metabolism and correlates well to the degree of ischemia. Pyruvate levels show cyclic changes which are not synchronous to lactate levels.\[[@ref20]\] The early increase in pyruvate levels at reperfusion could be due to wash-out of protons, favoring anerobic glycolysis resulting in transient pyruvate accumulation. In the later phase of reperfusion, the oxygen supply becomes high enough to allow mitochondrial metabolism, leading to consumption of pyruvate. During the short period following ischemia, pyruvate metabolism was diverted to lactate as evidenced by the increase in microdialysate lactate concentration.\[[@ref20]\] In our study, we found that in patients with higher baseline ML, it increased till aortic cross clamp release and decreased 30 minutes after coming off CPB and was associated with no decrease in MP and MLPR post-CPB suggesting delayed return in aerobic metabolism of heart in this group of patients. Whereas in patients with lower baseline ML, there was gradual increase in ML and MLPR levels till 30 min post-CPB although the absolute values remained lower than the HML group and was associated with decrease in myocardial pyruvate level post-CPB suggesting return of aerobic metabolism with utilization of pyruvate. This suggests that MLPR can be utilized as a marker of aerobic metabolism.

Tissue lactate or MLPR have been found to be good markers of ischemic injury and may even correlate inversely with post-ischemic recovery.\[[@ref21]\] Many studies in different clinical conditions have demonstrated that a rise in both serum as well as myocardial LP ratio is associated with organ dysfunction and has a better predictive value for postoperative outcomes as compared to lactate level.\[[@ref4][@ref3][@ref22]\] Backstrom *et al*. demonstrated relatively larger increase of lactate and LP ratio in great cardiac vein than intramyocardially which rapidly and reliably detect local myocardial ischemia and they concluded that coronary venous outflow sampling is superior to intramyocardial micro-dialysis.\[[@ref5]\]

Rao *et al*. found that lactate release is a better marker of myocardial metabolism and a value of 0.4 mmol/l post-AoXCl release has 33% sensitivity and 86% specificity of predicting postoperative low cardiac output syndrome.\[[@ref19]\] In our study, we found that pre-CPB ML value of 2.9 mmol/l has 70.83% sensitivity and 62.5% specificity (ROC area: 0.7109) of predicting inotropic requirement post-CPB. Pre-CPB myocardial pyruvate value of 0.07 mmol/l has 79.1% sensitivity and 68.75% specificity (ROC area: 0.7852) of predicting post-CPB inotropic requirement which is better than ML.

 {#sec2-6}

### Limitations {#sec3-1}

Because of non-randomized method of patient selection the population studied was heterogenous. The sample size was probably not adequate to detect the subtle changes in myocardial pyruvate levels. We did not use pulmonary artery catheter or transesophageal echocardiography for monitoring which would have been more accurate in assessment of the hemodynamics and myocardial dysfunction. CS does not represent global changes in metabolism of heart. A more accurate sampling method from great cardiac vein or microdialysis would have been more appropriate. The wide time interval between sampling points probably could not show the real changes in ischemic myocardium as on line or frequent sampling could have done.

Conclusions {#sec1-5}
===========

The sampling of CS blood via cannula in CS is a simple, cheap, easy technique and can be performed routinely. Myocardial markers like lactate, pyruvate and LP ratio may be effective in predicting postoperative outcomes e.g., need for inotropes, postoperative myocardial dysfunction, prolonged postoperative ventilation, ICU stay. Pre-CPB myocardial lactate value of 2.9 mmol/l and myocardial pyruvate value of 0.07 mmol/l can predict inotropic requirement post-CPB with good sensitivity and specificity.
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